Habitual dietary intake is a complex behavior that may have both biological and nonbiological bases. We estimated the contribution of genetic and environmental influences on dietary intake in a large population-based sample of healthy twins.
Introduction
Besides having a nutritional and therefore health effect, dietary habits have a broad societal relevance. It is thus important to understand the determinants of the habitual intake. Complex interactions between several different mechanisms may lead to the eventual habitual food intake; in addition to the obvious influence of taste preferences, physiological, attitudinal, cultural, situational, and economic factors are likely to be involved (1) (2) (3) . Of particular interest are the general roles of genetic variation and of shared and nonshared environments in determining the individual differences in habitual intake in the populations. This knowledge would both justify the search for more specific genetic and environmental factors and define the opportunities for individual modifications of food habits.
Previous studies have evaluated the contribution of genetic factors to food consumption (4-7) and nutrient intake (8) (9) (10) . In the existing literature, additive genetic effects explained 30-40% of the variation in intake. Most studies also concluded that the shared environment, i.e. factors common to the family members, did not contribute to food use of adults (5, (7) (8) (9) (10) . One study found effects of the shared environment on consumption of salad, alcohol, fast food, and nonfried fish (6) . Another study found strong evidence for shared environmental effects on consumption of desserts, fruits, and vegetables in children (11) . However, these studies have various methodological limitations, justifying a more thorough assessment of the quantitative contributions.
The aim of this study was to assess the quantitative genetic, shared, and nonshared environmental influences on nutrient and energy intake from 20 food groups in a large population-based sample of adult twins using data derived from a FFQ.
Materials and Methods
The GEMINAKAR study. This study is part of the larger nationwide, population-based Danish Twin Registry. The GEMINAKAR study consists of 756 complete twin pairs undergoing 1 clinical examination during 1997-2000. Twins in a pair were examined at the same date and time. At the time of examination, subjects had no known diabetes or cardiovascular disease, pregnancy, breast-feeding, alcohol/drug abuse, or conditions making it difficult to participate in the clinical examination, which also included a bicycle test. DNA-based microsatellite markers with the PE Applied Biosystems AmpFISTR Profiler Plus kit were used to determine zygosity of the twins. The age of the participants ranged from 18 to 67 y (mean age 38 y). The method of ascertainment and characteristics of the cohort are described in detail elsewhere (12) (13) (14) . The GEMINAKAR study was approved by the national Danish ScientificEthical Committee.
Information about the participants' dietary intake was obtained as part of the GEMINAKAR survey in 1997-2000 through a very extensive FFQ that was initially designed for the Danish European Prospective Investigation into Cancer and Nutrition study (15) and validated against 2 7-d weighed diet records in that study (16) . The questionnaire included 247 foods and recipes for which the respondents indicated frequency of consumption as the number of intakes per day, week, or month. Dietary calculations were made using the FOODCalc program (17) , which is based on values from the modified Danish National Food Tables 1996 (18). FFQ were obtained from 1212 subjects (600 complete twin pairs and 12 incomplete twin pairs). The FFQ was based on 1-mo recall and included detailed information regarding: beverage intake, breakfast products, bread and fat on bread, products put on the bread, hot meals, accessories, vegetables, desserts, fruits, cakes, snacks and sweets, type of fat for bread and cooking, cooking style, fast food, meal structure, dietary habits, organic food habits, and dietary supplements.
Based on the collected FFQ, a database was constructed. The diet database includes: total energy with or without alcohol, macronutrients (in g, energy (kJ), and energy %), fiber intake, dietary energy density (DED) 6 calculated as total energy intake divided by total weight of intake (19) , glycemic index (GI) and glycemic load (GL), and energy from 20 food groups (kJ). The criteria for the groupings were based on assumptions of communality of various nutritional aspects among the individual food items assigned to each group ( Table 1) .
Statistical methods. To examine trait distributions, descriptive statistics and correlations of the data were explored using SPSS statistical package version 13.0 for Windows (2004) .
The twin design is a powerful design for estimating quantitative genetic effects. The classic twin models rely on the assumption that monozygotic (MZ) twins are genetically identical with regard to their segregating genes, whereas dizygotic (DZ) twins share, on average, onehalf of these. Analyses of twin data assume, therefore, that intra-pair variance of MZ twins is due to environmental factors and measurement errors, whereas intra-pair variance in DZ twins is also affected by differences in genetic factors. We also assumed that MZ and DZ twins share common environmental factors to a similar extent. Comparison of the intraclass correlation of the dietary intake traits in MZ twin pairs to that of DZ twin pairs can therefore provide a means of determining the genetic contribution to observed variation in the traits. Another advantage compared with family studies is that the twins are matched for age.
Genetic variation can be divided into additive genetic variation, which consists of the sum of the allelic effects on the phenotype over all relevant loci, and nonadditive genetic variation, which includes the interaction of alleles in the same locus (dominance) as well as between loci (epistasis). The correlations of both additive and nonadditive genetic effects are 1 within MZ pairs. Within DZ pairs, the correlations are 0.5 for additive genetic and 0.25 for nonadditive genetic effects.
Environmental variation can be divided into variation deriving from environmental factors shared and unshared by twins. Shared environment, assumed to have a similar effect on MZ and DZ pairs, includes per definition all environmental factors that make the twin pair similar for the trait, e.g. shared childhood experiences, parental socioeconomic status, or same friends. Unshared environment includes all environmen- Coffee, tea, not specified tal factors and experiences that make siblings in the family dissimilar and further includes measurement error. Thus, the correlations of shared and unshared environmental effects are defined as 1 and 0, respectively, within both MZ and DZ twin pairs. Different correlation patterns for male and female twin pair groups and lower correlations for oppositesex than same-sex DZ pairs suggest that sex-specific differences exist in genetic influences, environmental influences, or both. The twin model further assumes that there is random mating with respect to the traits in question and that gene-environment interactions are absent. On the basis of these assumptions, it is possible to estimate the proportion of variance explained by additive genetic variance (A), nonadditive genetic variance (D), shared environmental variance (C), and unshared environmental variance (E). In genetic modeling, these variance components are treated as latent (unmeasured) and standardized independent variables, which are used to explain the variation of the trait, treated as the dependent variable in the model. Thus, the regression coefficients of these latent variables are the square roots of the genetic and environmental variance components affecting the trait. Because our data included only twin pairs reared together, but not adopted twins or other relatives, we were not able to estimate simultaneously the shared environment (C) and nonadditive (D) genetic variance components. When the intra-pair correlations for MZ pairs were greater than twice the DZ intra-pair correlations, then the D effect was estimated, and if this was not the case, then the C effect was estimated. Genetic modeling was conducted using the Mx statistical package, version 1.5.
Linear structural equation models estimating variance components A, C, D, and E were built for total energy intake, macronutrient energy percentage, GI, GL, fiber intake, DED, and 20 food groups. The model fits were assessed using chi-square goodness-of-fit statistics. First, the chisquare change (Dx 2 ) between the different twin models (ACE, ADE, and AE models) and saturated model, which did not make any assumptions of the twin model, was examined. If the change in x 2 values compared with the change in degrees of freedom measured by P-value was .0.05, the twin model was considered to fit the data. Next, we tested whether the estimates of males and females differed from each other and whether there were sex-specific genetic effects underlying the trait (i.e. different genes affecting the trait in males and females).
Results
Descriptive statistics of dietary intake showed, as expected, that the total energy intake and the GL were higher in men than in women, but zygosity groups did not differ ( Table 2) . Macronutrient energy percentages did not differ across sex or zygosity group. However, women had a higher percentage of energy from carbohydrates than men, whereas men obtained more energy from fat than did women. Men had a higher percentage of energy from alcohol, whereas the overall GI did not differ due to sex or zygosity ( Table 2) . 
The energy intake from the 20 food groups did not differ due to zygosity. As expected, men had a higher intake of most food groups, especially grain and meat products. Women, however, had higher intakes of vegetables, fruit, and candy than men. Because age was associated with most of the dietary factors (results not shown), we therefore included age and gender in the analyses.
To test whether there were any indication that intake of energy from food groups was associated with total energy intake, we performed a correlation analyses between total energy intake and intake of food groups. The analysis showed that moderate correlations existed between total energy intake and almost all food groups ( Table 3) . Due to the outcome of this analysis, the intake of food groups was adjusted for total energy intake in the analysis of intraclass correlations as well as in the estimation of genetic and environmental influences.
The intraclass correlations in the 5 zygosity groups differed among the dietary factors. However, for most factors, the intraclass correlations for DZ twins generally were less than the MZ correlations (Table 4) , indicating genetic influences.
The genetic modeling of the data showed that the best-fitting model for most of the variables was the AE model, with small to moderate heritability estimates for both nutritional factors ( Table 5 ) and for food groups in men ( Table 6 ) as well as food groups in women ( Table 7) . For fat energy percentage in men and for protein, fat, and alcohol energy percentage as well as for intakes of juices and eggs in women, the model allowing nonadditive genetic effects was the best-fitting model. In men, no genetic effects were found for intakes of fruit, poultry, eggs, and margarine. In women, no genetic effects were found for intake of fruit.
In addition, a significant contribution of the shared environment was found for DED and intakes of vegetables, fruit, poultry, fish, margarine, and candy in men and for DED and intakes of potatoes, vegetables, fruit, poultry, vegetable oil, and candy in women. For all variables, the model allowing genderspecific effects provided the best fit.
Discussion
The results of the present study support the notion that dietary intake of macronutrients as well as food groups are influenced by genetic differences among individuals. In addition, the study found an important contribution of the shared environment, which is rarely found in studies of adult twins. As in our study, previous studies that have found effects of the shared environment have primarily found these effects for fruits and vegetables (6) and sweets (5) . In children, shared environmental effects have been demonstrated for desserts, fruits, and vegetables (11). Our results are therefore in agreement with the few previous studies that suggest that dietary habits established in childhood are actually maintained to some extent in adulthood.
Sex differences were demonstrated in the magnitude of genetic influence and in the genes underlying food consumption. For some food groups (juices, poultry, eggs, and margarine), genetic effects were found for women but not for men. These findings are in agreement with previous studies demonstrating sex differences in the heritability of intake of food items (5, 20) . Fruit intake was not genetically influenced in either men or women.
In the existing literature, a common conclusion is that the shared environment does not contribute to adult eating behavior (5, (7) (8) (9) (10) . A number of limitations can be identified in the existing studies. In some of the studies, the recruitment of study subjects has occurred through word of mouth or newspaper ads (7, 8) and not through a population-based twin registry. One study had a rather small sample size (200 MZ and DZ twin pairs) (9) . A number of studies focused on a limited age range by focusing on young children (11), young adults (5), or a middle-aged or older population (7). One study included only women (6) and 1 study used a FFQ with a limited number of food items (5) .
A major strength of this study is that it is based on a large population-based sample of twin pairs with a wide age range (18-67 y). The dietary information collected for the study was based on an extensive FFQ. The information from the FFQ was, however, based on self-report. This is the major limitation of the study, because previous studies have demonstrated that subjects tend to underreport their food intake in general as well as differential with regard to which foods are reported (21) .
When studying genetic influences on dietary habits and preferences, the results can potentially be influenced by a difference in the contact frequencies between MZ twins compared with DZ twins. Moreover, the error in the MZ twins will thereby be in the same direction (correlated error) (7). This can potentially make the MZ twins more similar in dietary preferences, which will then induce an overestimation of the genetic effects.
Habitual intake appears, as demonstrated, to be controlled by genetic and environmental factors. Genes influence the chemical senses (taste, smell, and chemical irritation) and large individual differences exist in human sensitivity toward specific compounds (1). However, information on only a few specific genes controlling the chemical senses can be found in the existing literature. One prominent example is the inherited ability to taste the bitter synthetic compounds phenylthiocarbamide and 6-n-propylthiouracil (1). TAS2R38, the gene that controls phenylthiocarbamide taste sensitivity, has 3 single-nucleotide polymorphisms (A49P, A262V, and V296I) that give rise to the major haplotypes PAV (the taster variant) and AVI (the nontaster variant). Environmental factors suggested to affect taste and food preferences in children are cultural differences in weaning practice as well as exposure to tastes through breast-feeding and weaning (2, 3) . Generally, the knowledge about the possible mechanisms behind genetic and environmental influences on habitual food intake is far from coherent and comprehensive.
Our findings encourage investment in nutrigenetics and nutrigenomics to enhance our understanding of how genes and environment may determine the food intake profile. While recognizing that the food groupings are essentially based on narrative interpretation of the existing literature on food groupings and current knowledge about the individual food items assigned to each group, an empirical statistical justification of the groupings may be considered in future studies. Thus, a pattern analyses (using factor analysis, principal component analysis, or cluster analysis) (22) dealing with the mutual correlations between the various aspects of the food intake may be considered and can possibly lead to indications of aspects of the food intake that might share genetic and environmental determinants. However, the main problem is that the results of such analyses cannot be translated to identifiable food intake at the individual level. We have therefore not included this type of analysis in the present paper but consider it a future option in relation to the perspectives about mechanisms behind the findings. In light of the findings that individual food intake is influenced by both genetic as well as shared and nonshared environmental factors, further investigation into possible direct and indirect pleiotropic effects (one set of genes influences 2 different phenotypes, either by independent separate or by common pathways) and gene-environment interactions would be of great interest. However, because both genetic and environmental influences are defined by their contributions to the observable variance of various aspects of food intake and not further specified as specific genes and/or environmental factors, the statistical models for assessing such effects would be very complex and difficult, if at all possible, to interpret. Development of this kind of knowledge may require access to specific information about the implicated genes and nutritional components of the food items.
In conclusion, almost one-half of the variation in most components of dietary intake in adults appears to be heritable. Environmental factors shared by siblings, e.g. childhood family environment and common friends, also influence intake of certain food groups. While allowing for the inclusion of measurement errors, it appears that for all components of dietary intake, the nonshared environment has a considerable influence. From a public health perspective, this indicates that there exists, despite the genetic influence, a potential for establishing healthy eating habits both at the individual and family levels.
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